We have demonstrated subnanometric stabilization of tip-enhanced optical microscopy under ambient condition. Time-dependent thermal drift of a plasmonic metallic tip was optically sensed at subnanometer scale, and was compensated in real-time. In addition, mechanically induced displacement of the tip, which usually occurs when the amount of tip-applied force varies, was also compensated in situ. The stabilization of tip-enhanced optical microscopy enables us to perform long-time and robust measurement without any degradation of optical signal, resulting in true nanometric optical imaging with high reproducibility and high precision. The technique presented is applicable for AFM-based nanoindentation with subnanometric precision.
Introduction
Tip-enhanced optical microscopy has been attracting much attention because of super-spatial resolution far beyond the diffraction limit of the probing light, along with an enhanced scattering efficiency [1] . This is due to a nanometallic tip, which plasmonically confines and enhances the probing light in the close vicinity of the tip apex. It becomes more powerful in terms of analytical power when it is combined with Raman spectroscopy, which is called tip-enhanced Raman scattering (TERS) spectroscopy. TERS has so far been applied to nano-analysis of various materials such as carbon nanomaterials [2] [3] [4] , biomaterials [5] [6] [7] [8] and semiconductors [9] [10] [11] .
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conditions. This results in an unwanted change in the relative position of the probe tip and the sample, degrading the image quality. If the behavior of this drift is known in a topographic measurement such as in atomic force microscopy (AFM), it is possible to compensate this drift by a post-measurement treatment of the data, because the drift of the system usually results only in a shift of the data points. However, since TERS microscopy is based on optical measurement, this method is no longer suitable for TERS. A drift during TERS measurement does not only mean a change in the relative position of tip and sample, but it also means a change in the relative position of the focal spot and tip. Since the light intensity within a focal spot usually has Gaussian variation, even a slight change in the tip position with respect to the focal spot would affect the optical process, such as the intensity of the Raman signal, which cannot be compensated after the measurement is completed. A typical drift of tip in an AFM-based system under ambient conditions is about 1-10 nm min 1 , which is enough to move the tip away from the center of a tightly focused laser spot during the measurement, as shown in figure 1(a) . This results in the degradation of the plasmonically enhanced near-field optical signal, which is impossible to recover after the compilation of the measurement. The drift in the TERS system is a major obstacle in performing two-dimensional TERS imaging of a reasonable-sized sample, which requires several tens of minutes to complete the measurement. Therefore, it is necessary to have a method that can in situ compensate the drift, so that the tip stays stationary with respect to the laser spot during the entire measurement period. Further, we have recently developed an improved ultrahigh resolution TERS microscopy known as tip-pressurized TERS microscopy, where extremely high spatial resolution is achieved by locally pressurizing the sample by the apex of the probe tip [12, 13] . In this technique, the tip-applied force is intentionally changed during the TERS measurement, which bends the cantilever and results in mechanically induced lateral displacement of the tip in the direction of the long axis of the cantilever, as shown in figure 1(b) . Since the mechanically induced drift varies with tip-applied force and results in a change of the relative position between tip and the focal spot, we again need a compensation method that works in situ during the measurement. Here in this paper, we demonstrate an optical technique for real-time and in situ compensation of thermal and mechanical drifts in TERS microscopy, which is robust against long-time measurements. This enables us to perform both the normal TERS and the tip-pressurized TERS optical imaging with a measurement precision of subnanometer scale.
Experimental details
A number of effective techniques for compensating the drift in SPMs under ambient conditions have been demonstrated so far, which have shown excellent results for topographic imaging. Estimation of the drift from cross-correlation between successively measured topographic images enabled us to track a single molecule on a surface [14, 15] . The atom-tracking method [16] using a circular motion of the tip over an individual molecule or atom provided effective drift compensation, and was applied to force spectroscopy of a single atom in ultrahigh vacuum [17] . The Kalman filter technique effectively estimated and predicted the drift in a short period of time by computing the standard means and the covariance [18] . The optical techniques provided a strong advantage in the real-time process of drift compensation [19] [20] [21] . With the use of external illumination of light, displacement of the SPM tip was interferometrically measured and compensated on a nanometer scale [19, 20] . The scattering method, which is often utilized for position sensing in optical trapping [22] , was successfully applied to compensate the drift of both the AFM tip and the sample stage independently on an atomic scale in ambient conditions [21] .
In order to meet the rising demand on stabilization of TERS microscopy, we developed a system for in situ and in real-time compensation of the drift of a plasmonic probe tip used in TERS microscopy, which is based on optical techniques [21] . Figure 2 shows a schematic of the system. This system is based on a conventional AFM-based TERS set-up, which is combined with a quadrant photodiode (QPD) for sensing the position of the tip. The AFM head and the sample stage are equipped with the inverted optical microscope, and are surrounded together by an acoustic enclosure. The enclosure enables not only prevention from external acoustic noise but also a temperature stability of ±0.1 C near the AFM head whereas the temperature fluctuates more than ±1 C without the enclosure. Laser light with a wavelength of 488 nm is tightly focused using a high NA objective onto the metal-coated cantilever tip placed on the glass substrate. Rayleigh and Raman scattering from the tip apex are collected by the same objective, and are divided into two paths by the edge filter. The Rayleigh scattering signal is focused onto the center of the QPD detector, which corresponds to the tip positioned in the center of the focus spot. Displacement of the tip with respect to the center of the focus spot on the glass substrate is sensed by the difference signals of the QPD, i.e. the normalized difference signals from the left and right halves of the QPD for sensing displacement in the x direction, and from the top and bottom halves of the QPD for sensing displacement in the y direction. The displacements in the x and y directions are fed to piezoscanners of the x and y directions, respectively, under proportional-integral (PI) gain control. Incident laser power is stabilized by the laser intensity controller (BEOC, LPC-VIS) and is set to a few hundred µW, the value of which is usually utilized in TERS measurement. Incident polarization of the laser light is set to the radial polarization that is generated by a spirally varying retarder which consists of eight divided half-waveplates with a different direction of each slow axis. The tightly focused laser light with the radial polarization generates the dominant longitudinal field parallel to the tip axis, which provides a much stronger plasmonically enhanced field at the tip apex than that with the linear polarization. This enables us to detect the Rayleigh scattering from the tip apex with high signal-to-noise ratio. In addition to the enhancement of Rayleigh scattering, the radial polarization contributes to improving the sensitivity of position sensing. The radially polarized light generates a single intense spot of the longitudinal field in the center of the focus spot. On the other hand, the linearly polarized light generates two divided weak spots elongated perpendicular to the polarization direction, which gives anisotropic sensitivity in sensing the lateral displacement. That is why the radial polarization gives higher stabilized displacement sensitivity compared to the linear polarization.
Results and discussion
Using the position sensing system, compensation of timedependent thermal drift was demonstrated in real time. As shown in figure 3(a) , there are two major scattering components from the apex of the silver-coated Si cantilever tip in the tightly focused laser spot. One is plasmonically enhanced Rayleigh scattering from the silver surface, which is used for drift compensation. The other is plasmonically enhanced Raman scattering from the bare material (Si) of the tip, which is used to study the influence of the drift on optical stability of the plasmonically enhanced field at the tip apex. The dotted lines in figure 3(b) show the time-dependent lateral displacement (x and y directions) of the tip measured through the time-dependent change of the Rayleigh scattering. The tip consistently drifted in both x and y directions, and exhibited a lateral drift of ⇠0.5 nm min 1 and ⇠2.5 nm min 1 , respectively. Here, let us also note that, when the TERS system was not surrounded by an acoustic enclosure, the amount of lateral drift was more than three times larger. However, as shown by the solid lines in figure 3(b) , when the time-dependent lateral displacement of the tip was compensated in real time with the use of the feedback control, the displacement was drastically reduced. The standard deviation of the displacement during drift compensation is estimated to be 0.7 nm in both x and y directions (see the inset in figure 3(b) ), which realized subnanometric control over the drift of the tip in the center of the focus spot. In addition, during measurement and compensation of the thermal drift, plasmonically enhanced Raman scattering from the Si tip coated with silver was detected using the TERS system. Figure 3(c) shows Raman scattering from the Si tip, which was measured while monitoring the lateral drift of the tip for 40 min. Without real-time compensation of the lateral drift, Raman intensity gradually decreased as time passed, as shown by the hollow data points in figure 3(c) , following the time-dependent drift in figure 3(b) . In 40 min, the Raman intensity went down by 40%, confirming that the tip was getting away from the center of the focus spot, and was losing the plasmonically enhanced field at the tip apex. This tendency degrades long-time TERS imaging, which usually needs the measurements to run for more than 1 h. On the other hand, when the drift was being compensated in real time, Raman intensity remained constant as shown by the solid data points in figure 3(c) , revealing that the tip position was maintained in the exact center of the focus spot. This condition enables us to perform robust TERS imaging without any degradation of optical contrast.
In addition to the thermal drift, the mechanical drift of the tip is also a critical factor to degrade the precision of TERS experiments. When the base of the AFM cantilever moves down during a tip-pressurized TERS measurement in order to increase tip-applied force, the tip usually slides forward in the direction of the cantilever's long axis (i.e. the x axis in the inset of figure 4(a) ) because of the tilt of the cantilever with respect to the sample (substrate) surface. In general, the force-induced drift is characterized simply by the cantilever's physical properties such as the length of the cantilever's long axis, the tilt angle and the spring constant. Cannara et al established a simple calculation method to predict the amount of the drift under a certain tip-applied force with an accuracy of within 15% [23] . Here we applied the above-described experimental technique to in situ compensation of the force-dependent drift with subnanometric precision. Figure 4(a) shows the lateral displacement of the tip measured while the tip-applied force was intentionally increased from 0.1 to 3 nN. The tip slid in the x direction with the coefficient of approximately 3.3 nm nN 1 whereas there was almost no displacement of the tip in the y direction. The experimentally measured drift in the x direction deviates by around 25% from the prediction (the dotted line in figure 4 (a)) calculated with our cantilever's physical properties (spring constant: 0.1 N m 1 , cantilever length: 225 µm, tilt angle: 15 ). This is because the spring constant of the cantilever usually varies from tip to tip. Figure 4(b) shows the lateral displacement compensated in situ while increasing the tip-applied force up to 3 nN. At every increment of 0.2 nN, which is expected to induce a drift of ⇠0.6 nm in the x direction, the drift was compensated. Therefore, the tip remained at the same position with subnanometric accuracy when the tip-applied force varied. The technique of the drift compensation is also useful to improve the accuracy and precision of nanoindentation experiments using AFM as well as tip-pressurized near-field Raman experiments.
Finally, it is worth noting that, even though small-sized samples such as carbon nanotubes and DNA nanocrystals with sizes smaller than 10 nm were positioned under the silver tip, they did not affect the sensitivity and the accuracy of our drift compensation method. This is because scattering efficiency of these samples is much smaller than the metallic tip with the apex size of 40 nm. The influence of an additional scatterer with relatively large size on position sensing by QPD has been well studied in the optical trapping research [24] .
